T-box transcription factors are important determinants of embryonic cell fate and behaviour. Two T-box genes are expressed in the developing telencephalon of several vertebrate species, including amphibia, birds and mammals. Here we report the cloning of zebra®sh T-brain-1 (tbr1) and eomesodermin (eom). As a prelude to genetic studies of neuro-ectodermal fate determination we studied their expression pattern during embryogenesis and early larval development. Eom is expressed in the presumptive telencephalon from around the 4±5 somite stage in bilaterally symmetric groups of cells; the number of positive cells increases dramatically with time and encompasses the entire dorsal telencephalon by the 22 somite stage. Tbr1 is expressed from the 18 somite stage in a subset of eom-expressing cells. By 24 hpf eom and tbr1 are expressed in largely overlapping domains in the dorsal telencephalon, tbr1 is expressed in postmitotic cells whereas eomes is also expressed in proliferative ventricular zone cells. Both genes are also found in a small domain of the diencephalon bordering the telencephalon. A detailed analysis of the expression of tbr1 and eom in the brain of 4 day old larvae shows that the two T-box genes are differentially expressed in various cell populations of the developing brain. q
Results and discussion
T-box transcription factors are structurally related by virtue of a highly conserved DNA binding domain (Bollag et al., 1994) and are potent effectors of embryonic patterning and cell fate determination (for review, see Papaioannu and Silver, 1998; Smith, 1999) . Although largely known for their role in mesodermal patterning and limb formation (Rodriguez-Esteban et al., 1999) , a subgroup of the T-box gene family is speci®cally expressed in the anterior CNS of cephalochordates (zebra®sh tbr1: Yonei-Tamura et al., 1999; Xenopus eom, Ryan et al., 1996 ; chick eom and tbr1, Bulfone et al., 1999 ; mouse and human Eom and Tbr1, Bulfone et al., 1995; Wattler et al., 1998) , as well as in hemicordates (tornaria tbr, Tagawa et al., 2000) and echinoderms (Asterina pectinifera t-brain-1, Shoguchi et al., 2000) .
The homology of the ®sh telencephalon with other vertebrates remains uncertain due in part to the different modes of telencephalic expansion that occurs in ®sh (Northcutt and Braford, 1980) . To begin the genetic analysis of the roles of T-box transcription factors in zebra®sh neural patterning, we cloned zebra®sh genes closely related to eom and tbr1. Analysis of their deduced amino acid sequence shows that these zebra®sh cDNAs encode proteins with high homology to members of the Tbr-subgroup of the T-box transcription factor family (Fig. 1A) and that the T-box of zf-Tbr1 is identical to that reported by Yonei-Tamura et al. (1999) . The high degree of relatedness observed by phylogenetic analysis (Fig. 1B) strongly suggests that these genes are the true orthologues of other eom and tbr1 genes. Structurally, Eom and Tbr1 share the characteristics of the Tbr subgroup of the T-box transcription factors: they are larger (approximately 650 amino acids), and there is a relatively long amino-terminal domain preceding the T-domain.
Gene expression and/or mutant analysis of chick, mouse and Xenopus embryos has demonstrated an important role for eomesodermin in mesodermal precursors during gastrulation (Ryan et al., 1996; Bulfone et al., 1999; Hancock et al., 1999) .
Moreover, mutant analysis in mouse has shown that Eom plays a key role in mesoderm formation (Russ et al., 2000) . We were therefore surprised to discover that in zebra®sh, eom is not expressed in mesodermal precursors at any stage during gastrulation, or at later times in the tail bud (data not shown). Expression of eom in neural tissue is observed from around 4±5 somite stage (Fig. 2A±C ). A few hours later at around 8±10 somites, eom expression extends rostro-caudally to two separate forebrain domains (arrows in Fig. 2D ). tbr1 is ®rst expressed at the 18 somite stage and is coexpressed with eom ( Fig. 2E,F) . By late somitogenesis, eom and tbr1 are strongly expressed in the dorsal telencephalon ( Fig. 3A ,B,E,F). At this stage, eom and tbr1 expression are mostly overlapping except that eom is expressed in proliferative cells in the ventricular zone. By 36 h postfertilization (hpf) both genes are readily detectable in the dorsal telencephalon and are also expressed in a strip of cells in the diencephalon adjacent to the dorsal telencephalon (Fig. 3C,G) . A patch of eom expression is found in the eye (Fig. 3C) . By 48 hpf most dorsal telencephalic areas, including the olfactory bulb and the dorsal pallium, express both eom and tbr1 (Fig. 3D,H) .
To study the expression of eom and tbr1 at later stages we performed in situ hybridization on cryostat sections of 4 day old zebra®sh larvae. Eom (Fig. 4A) and tbr1 (Fig. 4B ) are strongly expressed in the olfactory bulb, and tbr1 transcripts are also present in the olfactory epithelium (arrow in Fig.  4B ). In the telencephalon, eom expression is mainly con®ned to the dorsal pallium, with only scattered cells in the ventral telencephalon (asterisk in Fig. 4C ). Tbr1 expres- (Page, 1996) showing the relatedness of zebra®sh Tbr and Eom with those of other species. , and by 18 somites, the whole dorsal telencephalon expresses eom (E). Tbr1 expression is detected at 18 somites within the eom positive territory (F).
sion overlaps with eom in the dorsal telencephalon (Fig.  4D) , but is present in many more cells in the lateral and ventral telencephalon (asterisk in Fig. 4D ). A few cells expressing eom or tbr1 are also present in the retina (insets in Fig. 4C,D) . Further discrete domains of expression of eom and tbr1 are found in the diencephalon (Fig. 4E,F) and near the mid-hindbrain boundary (Fig. 4G,H) , where eom is expressed in putative cerebellar cells (Fig. 4G ) and tbr1 labels a string of cells adjacent to the lateral longitudinal fascicle (Fig. 4H) . No expression of eom is detected caudal to the cerebellar anlage in the CNS (Fig. 4I ), but tbr1 is expressed in the ear in putative sensory patches (Fig. 4J) .
In conclusion, we have described the expression of two related T-box genes, eom and tbr1 during anterior neural development. These genes are expressed in highly speci®c, largely overlapping domains in the developing CNS of zebra®sh embryos, as is observed in other vertebrates. Thus they represent useful molecular tools to study the homology of Abbreviations: ob, olfactory bulb; op, olfactory pit; dp, dorsal pallium; dd, dorsal diencephalon; ha, habenula; ep, epiphysis; cb, cerebellar anlage; llf, lateral longitudinal fascicle; sp, sensory patch. Calibration bars: 50 mm.
zebra®sh telencephalic regions with those of mammals and other vertebrates. The earlier expression of eom and its larger domain in the telencephalon of 24±48 hpf zebra®sh embryos suggests that eom may be expressed by both proliferating and postmitotic neural cells. We have extended the study of tbr1 expression to 4 day old larvae, and showed that, by this stage, tbr1 transcripts occupies a larger area than eom transcripts, in accordance with tbr1 being expressed in post-mitotic cells. Further comparisons of the expression domains of the two T-box genes show subtle differences in their expression in the dorsal telencephalon, diencephalon and retina, as well as speci®c domains of eom expression in the cerebellar anlage and tbr1 expression in the auditory system.
Methods
Zebra®sh homologues of tbr1 and eom were obtained through screening of cDNA libraries. Tbr1 was obtained from a zebra®sh adult brain cDNA library available from RZPD (http://www.rzpd.de/) using as a probe a PCR fragment of the mouse Tbr1 T-box, corresponding to nt 638± 1190 of the sequence deposited in genebank (NM00932). Nine clones were obtained and sequenced. Three of them corresponded to different lengths of the same cDNA. The longest clone coded for a 5 H truncated protein of 750 aminoacids with a high homology (97%) to all reported tbr proteins at the level of the T-box and below 60% conservation in other regions. The gene was mapped to linkage group 20 (LG20, Ian Woods and William Talbot, personal communication), in a region of conserved synteny with mouse chromosome 2, where murine Tbr1 is located (Bulfone et al., 1995) .
An eom cDNA was obtained using a degenerate PCRbased approach as described . Brie¯y, a PCR fragment of the eom T-box was used to screen at lowstringency a gastrula-stage cDNA library. Three positives were obtained from 500 000 plaques. One of these clones was used to re-screen to obtain an additional eight positives. A full-length clone was sequenced on both strands and found to contain an open reading frame of 1983 base pairs. Homology with other eom proteins was 86% at the level of the T-box, and 53% outside the DNA binding domain. Antisense digoxigenin labelled mRNAs were synthesized from these plasmids and used as probes for in situ hybridization.
The genebank accession numbers for the sequences reported here are AF287006 for zf-tbr1 and AF287007 for zf-eom.
